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E-mail address: trlcp@iq.usp.br (T.R.L.C. Paixão).The main goal of this work was to develop a simple analytical method for quantiﬁcation of glycerol based
on the electrocatalytic oxidation of glycerol on the copper surface adapted in a ﬂow injection system.
Under optimal experimental conditions, the peak current response increases linearly with glycerol con-
centration over the range 60–3200 mg kg1 (equivalent to 3–160 mg L1 in solution). The repeatability of
the electrode response in the ﬂow injection analysis (FIA) conﬁguration was evaluated as 5% (n = 10), and
the detection limit of the method was estimated to be 5 mg kg1 in biodiesel (equivalent to 250 lg L1 in
solution) (S/N = 3). The sample throughput under optimised conditions was estimated to be 90 h1. Dif-
ferent types of biodiesel samples (B100), as in the types of vegetable oils or animal fats used to produce
the fuels, were analysed (seven samples). The only sample pre-treatment used was an extraction of glyc-
erol from the biodiesel sample containing a ratio of 5 mL of water to 250 mg of biodiesel. The proposed
method improves the analytical parameters obtained by other electroanalytical methods for quantiﬁca-
tion of glycerol in biodiesel samples, and its accuracy was evaluated using a spike-and-recovery assay,
where all the biodiesel samples used obtained admissible values according to the Association of Ofﬁcial
Analytical Chemists.
Crown Copyright  2011 Published by Elsevier Ltd. All rights reserved.1. Introduction
The worldwide concerns with the environment and energy sup-
ply demonstrate a growing challenge for society; this challenge is
to development renewable energy sources to at least partly replace
the demand for non-renewable fuels. The concern is not only about
the depletion of these energy sources but also about the control of
pollutants through their emissions because there is a reduced envi-
ronmental capacity to absorb these gases formed from combustion
[1].
Biodiesel is an example of one of these new strategies for
replacing non-renewable fuels. Biodiesel is chemically deﬁned as
mono-alkyl esters of fatty acids derived from vegetable oils (soy-
bean, rapeseed, palm and sunﬂower seed) or from animal fats.
These oils are derived through a transesteriﬁcation process with
a short-chain aliphatic alcohol (typically methanol or ethanol) un-
der alkaline conditions. However, to make it exploitable, it is nec-
essary to control the fuel quality standards for certain products. In
this control, special attention is given to glycerol because large
amounts could affect vehicle performance. It is also important to
note that glycerol in biodiesel could cause storage problems, for-011 Published by Elsevier Ltd. All r
Universidade de São Paulo,
7.mation of carbon deposits on the engine, clogging of the nozzles
in the engine, deterioration of the fuel and emissions of aldehydes
into the atmosphere [2].
Since the amount of glycerol in the biofuel could result in the
problems mentioned above, the National Agency of Petroleum,
Natural Gas, and Biodiesel (ANP – ‘‘Agência Nacional do Petróleo’’)
in Brazil acts as the regulator of biodiesel producers and imposes a
maximum concentration of 200 mg of glycerol to each kg of biodie-
sel (Biodiesel type B100) [3]. European EN 14214 standard (de-
scribed in the texts EN 14105:2006 and EN 14106:2006) and the
ASTM (American Society for Testing and Materials) D6584 stan-
dard use the same maximum concentration and are able to quan-
tify not only free glycerol but also monoglycerides, diglycerides
and triglycerides. Thus, analytical methods toward the control
and improved quality of biodiesel are fundamental to consolidat-
ing the use and commercialization of this product.
In literature, most methods for quantifying glycerol are based
on separation techniques [4–10], which are relatively expensive
and demand skilled operators. Other methods report the use of
spectrophotometric techniques [11–13] that require the derivati-
sation of glycerol, and titrimetric procedure [14], which result
in a low analytical frequency and large sample consumption. Only
two works were found in literature for quantiﬁcation of glycerol
using electroanalytical techniques [15,16]. The ﬁrst [15] was
based on the use of two coupled enzymes (glycerokinase andights reserved.
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trode for the determination of free glycerol. The second [16] used
a platinum electrode as the detector. Both methods were used in
a bath conditions with an extraction procedure and the detection
limits achieved were 0.1 [15] and 2.3 mg L1 in solution [16]. Tak-
ing all these into consideration, a more sensitive method with a
high analytical frequency is needed. This paper presents our efforts
on developing such a fast, precise and accurate analytical method
for quantiﬁcation of glycerol in biodiesel using a copper electrode
as an amperometric ﬂow detector.Fig. 1. Cyclic voltammograms recorded in a solution containing 1 mol L1 NaOH
solution before (- - -) and after (—) addition of glycerol (ﬁnal concentrations 1–
9 g L1) by using a copper bare electrode (A). Scan rate: 50 mV s1. The inset (B)
shows the analytical calibration curve.2. Experimental
2.1. Chemicals, materials and samples
All solid reagents were of analytical grade and were used with-
out further puriﬁcation. Sodium hydroxide and glycerol were ob-
tained from Merck (Darmstadt, Germany). Solutions were
prepared by dissolving the reagents in deionised water, which
was processed through a water puriﬁcation system (Direct-Q 5
Ultrapure Water Systems, Millipore, USA). Biodiesel samples con-
taining different amounts of glycerol were obtained from local fac-
tories. The biodiesel samples were produced from different
sources: soybean, castor seed, bovine tallow, cotton and rapeseed).
2.2. Electrodes and instrumentation
An Autolab microAUTOLABIII (Eco Chemie) potentiostat with
data acquisition software made available by the manufacturer
(GPES 4.9.007 version) was used for electrochemical measure-
ments. Homemade Ag/AgCl (saturated KCl) and platinum wires
were used as reference and counter electrodes, respectively. The
working electrode, for batch experiments, was manufacture using
a copper wire (purity 99.7% by ICP OES, d = 3 mm) embedded in a
Teﬂon rod. The working electrode was polished with alumina
(0.3 lm) before the electrochemical measurements and thoroughly
washed with deionised water. Under ﬂow conditions, the working
electrode were carried out by using a copper sheets (Pertech, Bra-
zil) fabricated by copper electroplating in a substrate composed of
paper and phenolic resin. A vortex mixer from Phoenix (model AP
56) was used to extract the glycerol from the biodiesel samples.
Centrifugation was carried out in a Quimis (model Q222T216)
centrifuge.
2.3. Flow injection analysis manifold
The ﬂow injection apparatus consisted of a peristaltic pump
(Ismatec ISM 828), a homemade rotatory injection valve made of
acrylic and an acrylic cell mounted in a thin layer conﬁguration
[17].
2.4. Sample preparation (extraction)
The extraction of glycerol from the biodiesel samples was
accomplished by leaving a certain amount of sample (250 mg bio-
diesel B100) in deionised water (5 mL), at ambient temperature
and under vortex agitation for 5 min. After the vortex procedure,
samples were centrifuged for 10 min. The aqueous phase of the
glycerol was removed to another tube, diluted in NaOH stock solu-
tion and analysed. Depending of the sample concentration, it was
added an adequate amount of solid NaOH to yield a ﬁnal concen-
tration of 1 mol L1. Additions, ranging from 91 to 821 mg of glyc-
erol kg1 of biodiesel, were performed with each sample, and
recovery tests were used to verify accuracy of the proposed
method.3. Results and discussion
3.1. Bath conditions
It is known from literature that copper surfaces are interesting
materials to promote the electrocatalytic oxidation of alcohols
[18–21]. The role of copper in the oxidation of alcohol substrates
has been reported, and it seems that at high pH values (pH > 13)
the formation of Cu (III) species mediate the catalytic process.
However, to the best of our knowledge, no reports about the elec-
trocatalytic oxidation of glycerol were reported using copper elec-
trodes. Hence, cyclic voltammograms were recorded in 1 mol L1
NaOH electrolyte solution with a copper electrode before and after
the addition of glycerol (Fig. 1). In the absence of analyte, the cur-
rent peaks in the negative potential range, representing the forma-
tion of a layer of copper oxides (I and II) [18] and further reduction
to metallic copper. The reversible process at around 0.6 V corre-
sponds to the formation of a soluble Cu (III) species, which is only
generated at relatively highly pH (pH > 13) [18]. Upon addition of
glycerol to the electrochemical cell, an irreversible process is ob-
served at the same region of formation for the Cu (III) species. By
comparison with a pre-treated platinum surface [16], sensitivity
is higher than obtained using a Pt electrode (platinum electrode
sensitivity [16]: 2.4 lA cm2 mg1 L1 and copper electrode sensi-
tivity: 5.3 lA cm2 mg1 L1), indicating the better sensitivity lies
with the proposed method using a copper electrode. An increase
in glycerol concentration in the electrochemical cell results in an
enhancement of the peak current value, demonstrating the electro-
catalytic feature of copper electrodes towards the anodic oxidation
of glycerol by Cu (III) species and the possibility to use as a sensor
to monitor the glycerol concentration.3.2. Flow conditions
To obtain the best analytical parameters for quantifying glyc-
erol in biodiesel samples using a copper electrode as an ampero-
metric ﬂow detector, we studied the optimum ﬂow conditions
for analysis, such as the potential applied to the electrode, the sam-
ple volume used and carrier-solution ﬂow rate.
Fig. 2 shows a hydrodynamic voltammogram for the injection of
a solution containing glycerol during the change in potential at the
Fig. 2. FIA hydrodynamic voltammogram recorded in a 80 mg L1 glycerol solution
(supporting electrolyte: 1 mol L1 NaOH) with the copper electrode. Flow rate:
1.5 mL min1, sample volume: 150 lL, carrier solution: 1 mol L1 NaOH.
Fig. 3. Flow injection peaks recorded for 80 mg L1 glycerol solution at various
sample volumes (A) 30 lL (a), 50 lL (b), 75 lL (c), 100 lL (d), 150 lL (e) and 250 lL
(f) (ﬂow rate 1.5 mL min1) and ﬂow rates (B): 0.33 mL min1 (a), 0.50 mL min1
(b), 0.67 mL min1 (c), 0.83 mL min1 (d), 1.0 mL min1 (e) and 1.2 mL min1 (f)
(sample volume 150 lL), carrier solution: 1 mol L1 NaOH, E = 0.65 V.
Fig. 4. Current peaks recorded for injections of glycerol reference solutions (A) at
the optimised FIA conditions (10 (a), 20 (b), 40 (c), 80 (d) and 160 (e) mg L1).
Carrier solution: 1 mol L1 NaOH. E = 0.65 V. The inset (B) shows the analytical
calibration curve.
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anodic current at 0.65 V. Based on this hydrodynamic voltammo-
gram behavior and considering that the FIA determinations were
performed with the best sensitivity conditions, the value of
E = 0.65 V was chosen as the working potential.
The ﬂow rate and the injected sample volume were also inves-
tigated in order to obtain a better sensitivity for the proposed ana-
lytical method (Fig. 3A and B). An increase in the current peak
value was obtained by increasing the sample volume injected from
30 to 250 lL. In regards to the ﬂow rate, experiments were per-
formed at different values from 0.33 to 1.67 mL min1. No signiﬁ-
cant changes were observed with respect to current peak values
in relation to the carrier-solution ﬂow rate. This conﬁrms that
mass-transport does not exert a control on the overall electron-
transfer process. Thus, the volume of 150 lL was chosen due to
the enhancement of the peak current values. On the other hand,
the decision for the ﬂow rate value was made taking into consider-
ation that a high current signal would consume less carrier solu-
tion, which would allow for no analytical frequency loss. Because
of these factors, a ﬂow rate of 1 mL min1 was selected as the most
favorable. Under these experimental conditions, the sample
throughput was calculated as 90 samples per hour.
The repeatability of the method was investigated by performing
10 repetitive injections of 800 mg kg1 in biodiesel (equivalent to
40 mg L1 in solution) at 0.65 V and yielding a relative standard
deviation of 5%. With all analytical parameters optimised, an ana-
lytical curve was obtained by the injection of different concentra-
tions of glycerol reference solution (Fig. 4). Fig. 4 shows a lack of
system memory, which can be attributed to the small sample vol-
ume used and due to the conﬁguration of the ﬂow injection system.
The plot of the peak current as a function of glycerol concentration
gives a straight line with the following equation: (I/lA) = 0.11 +
0.080 (Cglycerol in biodiesel/mg kg1) or (I/lA) = 0.11 + 1.6 (Cglycerol
in solution/mg L1) and a correlation coefﬁcient of 0.9996. Under
the optimised conditions, a linear response was observed (results
not shown) for a large range 60–3200 mg kg1 (equivalent to
3–160 mg L1 in solution). The detection limits (3SD) and quantiﬁ-
cation (10SD) were estimated at 5 mg kg1 and 17 mg kg1 in bio-
diesel (0.25 and 0.85 mg L1 in solution), respectively. It is worth
mentioning that lower limit of detection could be achieved using
low volumes of water or higher amount of biodiesel in the
extraction process.
To verify that this proposed method shows improvement when
compared with other electrochemical methods proposed in litera-ture for the quantiﬁcation of glycerol, a comparison of the analyt-
ical ﬁgures of the others two electrochemical sensors is given in
Table 1. From the analytical parameters analysed in Table 1, it
Table 1
Comparison of analytical parameters for the proposed method with other electrochemical methods found in the literature.
Method Linear range (mg L1) Limit of detection (mg L1) Time for extraction, sample handling and
measurements of a sample in triplicate (min)
Pre-treatment or modiﬁcation of
the electrode surface
[16] 15–160 2.3 80* Yes (pre-treatment)
[15] 0.625–6.25 0.1 Not mentioned Yes (two-enzymes)
This work 3–150 0.25 23 No
Additional information: Complete analysis by HPLC: 3 h [4].
* Not considering the preparation of the platinum electrode (75 min).
Table 2
Determination of glycerol in biodiesel obtained from different sources.
Biodiesel
obtained from
Glycerol concentration
((glycerol/biodiesel)/mg kg1)
Recovery (%)
Added Found
1. Castor seed 0 (2.6 ± 1)  10 –
309 584 107
2. Bovine tallow 0 (109 ± 7)  10 –
821 1774 83.4
3. Soybean 0 (86 ± 5) –
91 185 109
4. Cotton 0 (9 ± 1)  10 –
96 185 99.3
5. Soybean 0 (173 ± 5) –
194 350 91.4
6. Bovine tallow 0 (31 ± 2)  10 –
388 665 91.6
7. Rapeseed 0 (28 ± 3)  10 –
334 681 120
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detection than the enzymatic method and a shorter analysis time
considering all the analytical steps. Moreover, it is important to
note that these parameters were obtained without any prior
modiﬁcation or previously pre-treatment of the electrode
surface.
3.3. Glycerol determination in real samples
The applicability of a copper electrode as an amperometric
detector for quantiﬁcation of glycerol in real samples was exam-
ined by measuring the analyte concentration in biodiesel obtained
from different sources (soybean, castor seed, bovine tallow, cotton
and rapeseed). Table 2 shows the glycerol concentration for seven
samples. For the obtained results, it could be noted that three
samples have a glycerol content level higher than set by regula-
tory agencies (200 mg kg1), indicating that the proposed method
could be used to control the quality of the biodiesel. Spike-and-
recovery assays were also performed to investigate the accuracy
of the proposed analytical method recovery; these were per-
formed by spiking biodiesel samples with standard glycerol (Table
2). The recovery values were in conformity with the required
range stipulated by Association of Ofﬁcial Analytical Chemists
(AOAC) [22], and this indicated that the proposed method could
be considered a useful tool for the quantiﬁcation of glycerol in
biodiesel samples.
4. Conclusion
The copper electrode proved to be an interesting material to
promote the electrooxidation of glycerol. When it was used as an
amperometric detector in a ﬂow system, the proposed analytical
method demonstrated excellent analytical parameters. This factis especially true when comparing other electrochemical methods
in literature to their quantiﬁcation of glycerol in biodiesel.
Moreover, the proposed method proved useful for the control of
the biodiesel samples quality because it was able to detect the con-
centrations of glycerol above and below the values stipulated by
the regulatory agencies (ANP, European EN 14214 standard and
the ASTM D6584 standard) and with shorter analysis time com-
pared with HPLC protocols [4].Acknowledgements
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